Abstract-In cognitive networks, cognitive (unlicensed) users need to continuously monitor spectrum to detect the presence of primary (licensed) users. In this paper, we illustrate the benefits of cooperation in cognitive radio. We show that by allowing the cognitive radios operating in the same band to cooperate we can reduce the detection time and thus increasing their agility. We first consider the case of two cognitive users and show how the inherent asymmetry in the network can be exploited to increase the probability of detection. We then extend our work to multiple cognitive user networks. We also propose a practical algorithm which allows cooperation in random networks.
I. INTRODUCTION
Recently there has been tremendous interest in the field of software defined radio (SDR) and its relatively newer version cognitive radio (CR). SDR, which has been introduced in [1] , achieves significant improvements over services offered by current wireless networks. With SDR, the software embedded in a radio cell phone, for example, would define the parameters under which the phone should operate in real-time as its user moves from place to place. CR is even smarter than SDR. CR is designed to be aware of and sensitive to the changes in its surroundings. Thus it learns from its environment and performs functions that best serve its user. This is a very crucial feature of CR networks since, currently, the Federal Communications Commission (FCC) is reviewing its policies regarding the usage of licensed bands by unlicensed users [2] . In this context, the greatest advantage of CR is that it can be operated in licensed bands without a license.
Since the cognitive (unlicensed) users are utilizing the licensed band, they must detect the presence of licensed (primary) users in a very short time and must vacate the band for the primary users. Thus one of the major challenges that confronts this technology is: how do the cognitive (unlicensed) radios sense the presence of the primary (licensed) user? One may expect this to be trivial but as shown in [3] , there are fundamental limits to the detection capabilities of CR networks. In this paper, we show improvement in spectrum sensing capabilities through cooperation between individual cognitive users.
Cooperative schemes with orthogonal transmission in a TDMA system have been recently proposed in [4] and [5] .
It has been shown in [4] that two user single hop networks in which one of the user acts as a relay for the other, result in lower outage probabilities. In particular, it is shown that the amplify-and-forward (AF) protocol [4] , in which the relay transmits the signal obtained from the transmitter without any processing, achieves full diversity. In this paper, we study the effect of the AF cooperation protocol on the spectrum sensing capabilities of multi-user single-carrier cognitive radio networks. Analysis of multi-user single carrier networks can be found in [6] . In [6], we describe a cooperation scheme where the relay user is assumed to have no power constraint. However in practice all relay users have power constraint. In this paper, we describe a power constrained cooperation scheme.
The paper is organized as follows: In Section II, we describe the system model and formulate the problem of the primary user detection in a simple two user cooperative network. We also propose a practical cooperation scheme to detect the primary user. To show that cooperation leads to reduced detection time, in Section III, we consider a simple two-user asymmetric cognitive radio network and derive expressions for agility gain. In Section IV, we analyze multiuser single-carrier cognitive networks with and without centralized scheduling and derive precise conditions under which agility gain is achieved. Finally, in Section V, we present our conclusion.
We first introduce a few notations we shall be using throughout the paper. Consider any two non-negative functions functions f (x) and g(x). The following are standard notations [7] :
The following are the symbols used throughout the paper: In this section, we describe the channel model that will be used throughout the paper, formulate the primary user detection problem and propose a practical cooperation scheme to improve the agility.
A. System Model
In this paper, we assume that all channels experience Rayleigh fading. Moreover, channels corresponding to different cognitive users are assumed to be independent. If a signal x is sent, the received signal y is given by
where the fading coefficient f and the additive noise w are modelled as independent complex Gaussian random variables. Unless otherwise mentioned, the noise in this paper is assumed to be of zero mean and unit variance. We also assume that each user has access to its channel state information. This is facilitated by allowing the base station to transmit pilot symbols at regular intervals.
B. Detection Problem
An important requirement of a cognitive radio architecture is to detect the presence of primary or licensed users as quickly as possible. For this reason cognitive users should continuously sense the spectrum. Consider a network with two cognitive radio users U 1 and U 2 operating in a fixed TDMA mode for sending data to some base station. Suppose that a primary (licensed) user starts using the band. Then the two cognitive users need to vacate the band as soon as possible to make way for the primary user. However, the detection time becomes significant if one of the users, say U 1 is in the boundary of decodability as illustrated in Figure 1 . The signal received from the primary user is so weak that the cognitive user U 1 takes a long time to sense its presence. We show that cooperation between the cognitive users can reduce the detection time of the "weaker" user thereby improving the "agility" of the overall network. We shall define these terms more precisely in Section III.
Throughout the paper, we allow the cognitive users, U 1 and U 2 , to cooperate, with U 2 acting as a relay for the U 1 . Figure 1 describes a scenario where two cognitive users U 1 and U 2 are engaged in transmitting data to a common receiver in a particular frequency band. Slotted transmission is used wherein U 1 and U 2 transmit in successive slots following the AF protocol [4] as shown in Figure 2 . Accordingly in time slot T 1 , U 1 transmits and U 2 listens. In time slot T 2 , U 2 relays the information of the previous slot. Unknown to both these users, there is a primary user who has higher priority in occupying the band. It is crucial that presence of this primary user be detected as soon as possible. In time slot T 1 , the signal received by U 2 from U 1 is given by,
where h pi denotes the instantaneous channel gain between the primary user and U i , h 12 denotes the instantaneous channel gain between U 1 and U 2 , andw is the additive Gaussian noise. We assume that h p2 , h 12 , and w 2 are zero-mean complex Gaussian random variables which are pairwise independent. Also we assume that the channels are reciprocal, i.e., h 12 = h 21 . In (1), a denotes the signal sent from U 1 such that E{a} = 0 and θ denotes the primary indicator; θ = 1 implies presence of the primary user and θ = 0 implies its absence. If the transmit power constraint of U 1 is P then,
where G 12 = E{|h 12 | 2 } refers to the channel gain between the users U 1 and U 2 . Since h p2 , h 12 andw are assumed pairwise independent, we have from (1) that
where P 2 = E{|h p2 | 2 } refers to the received power at U 2 due to the primary user. In time slot T 2 , the relay user U 2 relays the message from U 1 to a common cognitive receiver. The relay user has a maximum power constraintP . Hence it measures the average received signal power [8] and scales it appropriately so that its power constraintP is satisfied. In slot T 2 , when U 2 is relaying the message of U 1 , we allow U 1 also to listen to its own message. Then the signal received by U 1 from U 2 is given by
where h p1 is the instantaneous channel gain between the primary user and U 1 , w is additive Gaussian noise and β is the scaling factor [4] used by U 2 to relay the information to the common receiver. In fact β is given by [4] [8]
After the message component is cancelled, the user U 1 is left with the signal
where H = h p1 + √ βh 12 h p2 and W = w + √ βh 12w . The detection problem can be now stated as: Given the observation
the detector decides on
In [6], we describe a variant of the above algorithm where there is no power constraint on the relay user U 2 . However in practice all users have power constraint. The detection problem for the constrained cooperation scheme described above is identical to the unconstrained cooperation scheme in [6] (see Eq.(3) in [6]). As in [6], we use the energy detector (ED) [9] to detect the presence of primary user. Since the derivation of the detection probability is very similar to the unconstrained cooperation scheme in [6], we skip the details in this paper and present the final result. The details can be found in [6] . Defining c and p (1) n denote the detection probabilities of U 1 with and without cooperation from U 2 respectively. We have p
and p
and λ is uniquely determined by
In Figure 3 , we have plotted p (1) n and p
as a function of P 2 for P =P = 1. For a path-loss exponent of 3.5, we have plotted p for three different values of P 1 : P 1 = 1, 2.5, and 6. For each value of P 1 , we note that the constrained cooperation scheme is beneficial (p
n ) only for a certain range of the power level at U 2 , P 2 . Also the maximum achievable probability gain is dependent on the position of the cognitive user U 1 .
From Figure 3 , we see that the maximum gain is achieved when U 2 is optimally placed between the primary user and U 1 . When P =P = 1, we have extensively evaluated (2) and (3) for various values of false alarm probability α and path loss exponent δ. Using numerical calculation, we can easily confirm the following fact: Figure 4 where we have plotted p (1) c −p
This is supported by
as a function of P 1 for different values of δ between 3 and 6. This Observation is useful in Section IV, when we discuss optimal pairing schemes for random networks.
III. AGILITY OF THE TWO USER COGNITIVE RADIO

NETWORK
So far, we have devoted ourselves to improvement in detection probabilities through cooperation. The final goal, however, is to reduce the overall detection time. To show the effect of cooperation on the overall detection time, we shall define two types of protocols employing different degrees of cooperation. We assume that there is a common base station (capable of both receiving and sending) with which all the cognitive users communicate.
1) Non Cooperative (NC) Protocol : All the users detect the primary user independently. However the first user to detect the presence of the primary user informs the other users through the common receiver.
2) Totally Cooperative (TC) Protocol : This employs the constrained cooperation scheme described in Section II. Thus two users operating in the same carrier, if placed sufficiently near to each other, cooperate to find the presence of the primary user. The first user to detect the presence of the primary user informs the others through the common base station.
Let T n and T t denote the average time taken by the two user network described in Section II to detect the primary user under NC and TC protocol, respectively. As before, let p (1) c and p (1) n be given by (2) and (3). We have the following proposition.
, then we have,
We define the agility gain of the TC protocol over the NC protocol as
In Figure 5 , we have plotted the agility gain µ n/t under the constrained cooperation scheme. We find that as U 1 is farther from the primary user, the maximum agility gain increases. When P 1 = 1, the maximum agility gain is seen to be approximately 1.5. This implies a decrease in the detection time by approximately 34%. Since the cognitive users need to continuously monitor spectrum, a decrease of 34% in the detection time is very useful in the long term.
IV. MULTIUSER COGNITIVE NETWORK
Throughout the section, we have considered the simple case of two user network. What happens when there are more than two users? How can we cooperate the users to achieve agility gain? In this section, we shall consider the presence of more than two cognitive users. Ideally since there are many users, we would like to find an optimal cooperation algorithm (possibly) involving more than two users that would achieve even more gain than a simple two-user network. However, this leads to complex detection algorithms which perform better only at the cost of great computational complexity. We know from Sections II and III that grouping the users into pairs leads to increased detection probability if in each pair, one user acts as a relay for the other. Thus an alternative solution would be to find a relay for each user who seeks help and to hope that the overall detection time is reduced. Can we find a relay user for each user who needs help? Can we still achieve agility gain over non-cooperation?
Let
denote the set of users inside the boundary of decodability of the primary user. Further let P k denote the received power from the primary user at cognitive user U k . If P low denotes the received power due to the primary user at the boundary of decodability, then all the cognitive users with power level P k > P low have to be vacated as soon as possible for the primary user. Since the cognitive users cannot be arbitrarily close to the primary user, we assume P k < P upp for some finite P upp . For any two power levels P A and P B , define
In the constrained cooperation scheme of Section II, we find that for a particular cognitive user U 1 to be benefitted by cooperation, it is essential that the relay user U 2 is closer to the primary user than U 1 (see Figure 3) . In general, it is practically difficult to assign a relay user for each cognitive user. In such a case, we define the critical power P * of a detection scheme in the following way: If a particular cognitive user U k ∈ U(P low , P * ), we allow the user U k to search for a relay user. If on the other hand U k ∈ U(P * , P upp ) then U k does not seek help from anyone. The rationale behind this is that users close to the primary user already have good detection probabilities. So they can help the users far away from the primary user to improve their detection probabilities. We can visualize the above procedure the following way: Any cognitive user U k ∈ U(P low , P upp ) causes interference to the primary user and must be vacated. We have divided the user set U(P low , P upp ) into two subsets A = U(P low , P * ) and B = U(P * , P upp ) such that users in A seek help from users in B. Let n andñ be the number of users in A and B respectively and let m = n +ñ.
In general, there can be many ways to determine the critical power, P * . For example, we can fix a threshold probability of detection p * such that if the detection probability of a cognitive user is greater than p * without cooperation then it does not search for any relay user. From (3), we find that P * is uniquely determined by α
where α is the tolerable false alarm probability. Throughout this paper we discuss only single-carrier multi-user networks. Discussion of multi-carrier multi-user networks can be found in [6] .
A. Centralized Networks
In this section, we shall assume that all the m = n+ñ users are in U(P low , P upp ) and operate in the same frequency band. Consider two users U 1 ∈ U(P low , P * ) and U 2 ∈ U(P * , P upp ) with G 12 being the channel gain between them. Further let U 2 act as a relay for U 1 and let the position of U 1 be fixed, i.e., let P 1 be fixed. We search through the (P 2 , G 12 ) space to find an optimal relay user for U 1 . As before, let p (1) c and p
given by (2) and (3) denote the detection probabilities of U 1 with and without cooperation from U 2 , respectively. Define
c > p (1) n } to be the critical region for the user U 1 . It is obvious that U 1 can benefit from cooperation only if the relay user U 2 is inside its critical region P(P 1 ).
Without loss of generality, we let U(P low , P
and U(P
. In this section, we assume that there is a centralized scheduler that implements the cooperation protocol described below.
If all the users in U(P low , P upp ) follow the cooperation protocol, we say that the users follow the TC protocol. If
3: for k = 1 to n do 4: for j = n + 1 to m do 5: if
Cognitive user k is assigned cognitive user j as a relay user 7:
end for 10:
Cognitive user k detects the primary user by itself 11: end for on the other hand, all the users detect the primary user by themselves with no cooperation, they are said to follow the NC protocol.
Since all users are operating in a single carrier, we allow them to operate in a TDMA mode. In that case, the order in which the users operate becomes an important issue. Let p k denote the detection probability of the k th cognitive user. Suppose now that the detection probabilities satisfy p 1 Given an ordering S ∈ T m , let T n (m|S) and T t (m|S) denote the time taken to detect the primary user when all the m users are under NC protocol and TC protocol respectively. We have the following result: Proposition 4: Let m be the number of cognitive users operating in a single carrier. Then for any given ordering S ∈ T m , we have
However, as argued before, there is a possibility that the users with the best chance of finding the primary user operate after a long time in a cycle. To improve the detection capability, we allow users to operate in a time-hopping fashion. Hence after every cycle involving the operation of all the m users, we choose an ordering randomly from T m . Note that in this section, we assume that there exists a centralized scheduler to pair the users. Thus one can argue that the scheduler can select the optimal ordering S opt ∈ T m where
However our ultimate goal is to develop decentralized cooperation schemes. With this in mind, we adopt the random ordering strategy.
Since all the orderings are equally likely, we get that the average detection time in case of TC and NC protocol are given, respectively, by
We define the agility gain in this case to be
and also let µ ∞ = lim 
Since there is a possibility of µ ∞ = 1, we wish to know when there is agility gain. Consider two users U 1 ∈ U(P low , P * ) and U 2 ∈ U(P * , P upp ) with U 2 acting as a relay for U 1 . As before, let p
(1) c and p (1) n given by (2) and (3) denote the detection probabilities of U 1 with and without cooperation from U 2 respectively. Definition: We say that cognitive user U 1 ∈ U(P low , P * ) is a happy user if p
for some 0 > 0 and independent of P 1 , P 2 and G 12 . Let c(n) denote the number of happy users out of the n users in U(P low , P * ). The following theorem gives a simple sufficient condition for the agility gain to be greater than one. Theorem 1:(Agility Gain Theorem) Let n andñ denote the number of users in U(P low , P * ) and U(P * , P upp ) respectively. Then as m = n +ñ → ∞, we have
Since c(n) ≤ n, the previous theorem implies that we get agility gain from cooperation if c(n) = Θ(n). The worst case occurs when all users in U(P low , P * ) are scheduled to transmit first. Though the primary user will eventually be detected, the time taken will be greatly reduced in case of cooperative networks since each user in U(P low , P * ) is linked with a user in U(P * , P upp ) whose help can greatly improve the detection probability and hence the overall agility.
B. Decentralized Networks
The results of Section IV.A can be used to design practical pairing schemes when the location of users are random and there is no centralized scheduler. Let us assume that the location of the primary user is known to all the cognitive users. Thus each user knows its position from the primary user. We assume that the power level P k of the cognitive user U k is uniformly distributed in [P low , P upp ]. Let a particular cognitive user U 1 be in U(P low , P * ). In the previous section, we assumed that there was a centralized scheduler which assigned a relay user for U 1 inside its critical region P(P 1 ). However now there is no centralized scheduler and in general P(P 1 ) may not be even of regular shape. Also all the cognitive users have limited transmission range. Thus G 12 ≥ G low for some positive G low . Since the distance between any two cognitive users is strictly positive, G 12 ≤ G upp for some finite G upp . In such a practical situation, how does the user U 1 find a relay such that (4) is satisfied. An ad-hoc solution would be the following:
where each I l is of width
where each J l is of width
where each G l is of width Thus in effect we have discretized the search space for each cognitive user. This allows practical implementation. Also for a user U k in U(P low , P upp ) let l(k) denote its label. We say that a cooperative detection scheme has a pairing protocol if we are able to do steps (1)-(5) mentioned above. We now ask the question: Does there exist a pairing protocol for our cooperation scheme? The following theorem answers the question: Theorem 2: Suppose Observation 1 holds, i.e., for any two users U 1 and
n . Then the constrained cooperation scheme of Section II has a pairing protocol. We describe the decentralized pairing protocol below:
Cognitive user U k transmits a request for relay stating its label l(k) 5 :
Cognitive user U j replies to U k 7:
Cognitive user k detects the primary user by itself 9:
end if 10: end for In step (5) of the above protocol, if more than one user responds back to a cognitive user U 1 seeking help, then U 1 chooses one of the users randomly. As before, letñ denote the number of users in U(P * , P upp ) and n = m −ñ denote the number of users in U(P low , P * ). We know from the Agility Gain theorem, that when ñ n → 0 there is no agility gain. Let us then assume that n = Ω(ñ) and let c(n) be the number of happy users in U(P low , P * ). If we can ensure that
our scheme is definitely beneficial. Can we ensure (5) with probability 1? The following theorem tells when that is possible. Thus we have ensured that µ m = 1 + Ω(1) with probability 1. In essence, we have developed a practical algorithm for pairing in random networks which is asymptotically optimal and thus has reduced detection time. The algorithm is very important in practical systems because the cognitive users need to continuously sense the spectrum and shift bands to avoid interference with the primary users. In this context, algorithms which reduce detection time even by a small amount are very useful.
V. CONCLUSION AND FUTURE WORK
In this paper, we have shown the benefits of cooperation in increasing the agility of cognitive radio systems. We have taken an asymmetric two user cooperative cognitive network and shown improvement in probability of detection leading to enhanced agility. We have then considered the general n user single carrier cognitive network and derived a simple sufficient condition for asymptotic agility gain. We have also considered the case when the users are randomly distributed and stated conditions under which agility gain can be achieved.
In this paper, we have assumed the location of the primary transmitter. In future, we wish to develop cooperative protocols when the primary transmitter location is unknown to the cognitive users. Also, we wish to consider other practical issues like mobility of the cognitive users, effect of shadowing and the presence of more than one cognitive cluster. 
